Vanadium dioxide ͑VO 2 ͒ thin films were grown on silicon microcantilevers and companion test substrates by pulsed laser deposition followed by in situ annealing in an oxidizing atmosphere, with annealing times used to control crystallite sizes. Annealing times of 18 min produced VO 2 films with average crystallite sizes of ϳ10 nm or less, while those annealed for 35 min had crystallites of average size ϳ90 nm, comparable to sample thickness. X-ray diffraction and x-ray photoelectron spectroscopy studies of the samples showed that films with crystallite sizes ϳ40 nm or greater consisted of substoichiometric VO 2 in its monoclinic phase, with preferential orientation with ͑011͒ planes parallel to the sample surface, while finer structured samples had a substantially similar composition, but showed no clear evidence of preferential orientation and were probably partially amorphous. Forced vibration experiments were performed with the cantilevers as they were thermally cycled through the VO 2 insulator-to-metal transition ͑IMT͒. Very large reversible changes in the resonant frequencies of up to 5% ͑3.6 kHz͒ as well as hysteretic behavior were observed, which depend strongly on film crystallite size. The average value of Young's modulus for VO 2 films with crystallite sizes of ϳ90 nm was estimated from the mechanical resonance data at room temperature to be ϳ120 GPa, but the large tensile stresses which develop between film and substrate through the IMT impede a similar determination for the VO 2 tetragonal phase, since the commonly used relationships for cantilever frequencies derived from elasticity theory are not applicable for strongly curved composite beams. The results presented show that VO 2 thin films can be useful in novel microscale and nanoscale electromechanical resonators in which effective stiffness can be tuned thermally or optically. This response can provide additional functionality to VO 2 -based devices which take advantage of other property changes through the IMT.
I. INTRODUCTION
Vanadium dioxide ͑VO 2 ͒ undergoes a first order insulator-to-metal transition ͑IMT͒ from a monoclinic phase ͑denoted M 1 ͒ to a tetragonal phase ͑rutile type, denoted R͒ at a temperature near 68°C ͑on heating͒. This displacive transformation is accompanied by substantial changes in the material's electrical and optical properties, which have been studied for several decades. [1] [2] [3] [4] Additional interest in this material has been generated by the demonstration that the IMT can be induced by ultrashort laser pulses, [5] [6] [7] and that characteristics through the transition can be greatly affected when the material is nanostructured. 8 However, there has been little information available about the elastic properties of VO 2 thin films, particularly during the material's IMT. These are of interest because stresses developed during the transition are high enough to regularly crack macroscopic VO 2 crystals. Hence, film-substrate stresses generated during the IMT could have substantial effects on the changes of other physical properties. In this work, the resonant frequency of microcantilevers coated with VO 2 thin films was measured as a function of temperature in heating-cooling cycles from room temperature ͑RT͒ and through the IMT region in order to study the film properties. Unlike in common bimaterial cantilevers, for which the resonant frequency shift is due to the gradual temperature dependence of the mechanical properties of cantilever and coating materials, in the present case it is due primarily to the abrupt changes in the structure and mechanical properties of VO 2 during its solid-solid phase transformation. This reversible transition causes frequency shifts which, over a short temperature range were found to be much larger than those encountered in common bimaterial cantilevers.
The effects of the crystallite sizes of VO 2 thin films on the material's electrical and optical properties have been studied in the past. [8] [9] [10] [11] [12] In this work, the effect of crystallite size-down to ϳ10 nm-of the VO 2 coating on the cantilever mechanical response was also explored, and found to have a similar substantial effect on transition temperature and the shape of the hysteresis curve. Because IMT characteristics depend on applied stress, and the residual stress in the films was clearly tied to the crystallite size, it appears that this stress is a key mechanism through which crystallite size affects material properties in VO 2 films.
II. EXPERIMENTAL PROCEDURES
Thin films for this work were deposited by pulsed laser deposition ͑PLD͒ simultaneously on commercially available ͑Mikromasch͒ single crystal silicon ͑SCS͒ ͑001͒-cut cantilever chips for mechanical testing and on SCS ͑001͒-cut substrates for film characterization. Each chip has several rectangular cantilevers, but only the 130 m long ones were used for the present work. The other nominal dimensions for all cantilevers are 35 and 1 m for the width and thickness, respectively. Depositions were performed at ambient temperature, with subsequent in situ annealing. The background pressure before depositions was of order 10 −6 Torr and deposition was performed in an oxygen and argon atmosphere at total pressure of 20 mTorr, measured with a diaphragm capacitance sensor. Gas flows of 15 SCCM ͑SCCM denotes standard cubic centimeter per minute at STP͒ Ar and 5 SCCM O 2 were independently adjusted with mass flow controllers. A metallic vanadium target was ablated by KrF excimer laser pulses at a fluence of ϳ4 J/ cm 2 and a frequency of 25 Hz. The distance between target and substrate was 5 cm. Deposition times for all samples were 10 min, and attempted sample thickness was ϳ100 nm, although the thickness of each sample was subsequently measured. VO x films grown at RT under conditions similar to these are known to be amorphous and suboxidized ͑with x Ϸ 1.7͒, but postdeposition oxidative anneals at 450°C can rapidly produce crystallization of stoichiometric or nearly stoichiometric VO 2 , while grain size is increased with longer annealing times. 11, 12 Annealing of the samples was performed in situ, immediately after deposition, using the substrate heater of the PLD chamber. The annealing temperature was 450°C ͑reached from RT using a 15°C / min ramp͒. Gas flows of 15 SCCM Ar and 50 SCCM O 2 , and a total pressure of 330 mTorr were maintained throughout the process, and samples were cooled by cutting power to the substrate heater. Three sample sets ͑consisting each of a cantilever chip plus a substrate test piece͒ were annealed for 35 ͑Sample 1͒, 25 ͑Sample 2͒ and 18 ͑Sample 3͒ minutes. For comparison purposes, a fourth set ͑Sample 4͒ was not annealed. Hereafter, results for Sample 1, for example, refer to both cantilever chip 1 and the test piece prepared simultaneously with it. Measurements of resonant frequencies as a function of temperature were performed on the cantilever chips using the light scattering system described in Ref. 21 , but with minor modifications to improve the speed of data acquisition. Film thicknesses were measured after the growth and annealing procedure in a step created by masking an area near the cantilevers ͑but not on the cantilevers themselves͒ in the cantilever chip. Scans were performed with a Tencor Alphastep profilometer at several positions in the step and the results were averaged.
All other characterization studies were performed on the test pieces corresponding to each of the samples. Sample crystal structure was determined with x-ray diffraction ͑XRD͒ scans performed in a Bruker-AXS D8 Discover diffractometer with Cu K ␣ radiation. Surface morphology was studied by atomic force microscopy ͑AFM͒ using a Park Scientific Autoprobe CP instrument with a 5 micron scanner.
In order to study film composition, the samples were also analyzed by x-ray photoelectron spectroscopy ͑XPS͒ in a Surface Science Instruments SSX-100 electron spectrometer, with operating pressure less than 2 ϫ 10 −9 Torr, monochromated Al K ␣ x-ray line source, and calibrated using the Au 4f 7/2 and Cu 2p 3/2 lines. Photoelectrons were collected at an angle of 55°from the sample surface normal.
Section III A covers the characterization studies performed mainly on the test samples, while the forced vibration experiments performed on the microcantilevers themselves are covered in Sec. III B. For convenience, some of the main results and observations are summarized in Table I .
III. RESULTS AND DISCUSSION

A. Sample characterization
The measured average thicknesses for Samples 1 to 4, were 93, 120, 112, and 95Ϯ 5 nm respectively. Figure 1 shows AFM images ͑1 ϫ 1 m scans͒ for the films on the three annealed samples. Characteristic particle sizes and rms roughness values determined from the AFM images for typical sample areas of 1 ϫ 1 m are given in Table I . Sample 1, which was annealed for the longest time, has the largest particle sizes, measuring ϳ200 and up to ϳ500 nm across, which is several times greater than film thickness. Sample 2 shows particle sizes of ϳ60 nm, which is about half the film thickness. Particles in Sample 3 appear similar or only slightly smaller than those in Sample 2, although the annealing time was much less, but surface roughness was noticeably higher than for Sample 2 and AFM images were always less sharp for this sample, as can be noticed in Fig. 1͑c͒ . It is possible that smaller scale agglomerations are present in the particles of Sample 3 but unresolved in the images, which would be consistent with early coalescence of grains after annealing was started. XRD -2 scans for the annealed samples are shown in Fig. 2 . The two samples annealed for the longest times showed clear peaks from the film corresponding only to the ͑011͒ monoclinic ͑M 1 ͒ reflection ͑plus, for Sample 1, the ͑022͒ reflection, not shown in the figure͒, revealing the preferred orientation with the ͑011͒ plane parallel to the sample surface. The peaks are shifted to slightly higher angles than for powder diffraction data ͑shown for reference in the figure by a dashed vertical line, with value taken from Powder Diffraction File 82-0661͒, 13 suggesting that the films are under tensile stress. Since the XRD measurements for each sample were conducted for the companion test piece and not for the cantilevers themselves, which would be impractical due to their very small surface areas, it is expected that film stresses are actually lower in the films on cantilevers, due to partial relaxation afforded by bending of the much thinner substrate. For Sample 3, annealed for the shortest time, a XRD -2 scan obtained after long counting times ͑also shown in Fig.  2͒ revealed a very broad peak consistent with the monoclinic ͑011͒ reflection. Unlike the case of the other two samples, the centroid of this peak is shifted to lower angles than for unstressed VO 2 . This could be taken as an indication that the film is under compression, but that interpretation is negated by the fact that, as will be shown later, the film is in fact under large positive tensile forces. In addition, an even broader weak peak was observed in the 21°to 24°͑2͒ region, which is consistent with the presence of amorphous material. With a grazing-incidence XRD scan ͑at fixed = 4°incidence͒ of this same sample ͑see Fig. 3͒ , obtained after very long counting times, it was possible to detect two broad and very weak peaks, which can be, respectively, assigned to the VO 2 monoclinic ͑011͒ reflection again and to unresolved ͑202͒, ͑211͒, and ͑200͒ reflections. These two peaks are also shifted down slightly with respect to the expected strain-free positions. It was concluded that this sample has incompletely developed crystallinity, little or no out-of-plane crystallite orientation, and that the downward shift of the XRD peaks observed in both diffractometer configurations is likely due to oxygen deficiency with respect to the VO 2 composition. The XRD results for Sample 4 showed that, as expected, it was amorphous.
Development of preferential orientation as the film is annealed, and as evidenced in the two samples annealed for the longer times, may be associated with the stress due to differential thermal expansion between the VO x film and the substrate. The process is complicated by the fact that oxidation is proceeding, and thus film properties are changing, not just crystallite sizes, but it can be expected that lower strain energies are reached by crystallite growth with ͑110͒ tetrahedral VO 2 planes parallel to the stress plane. For the rutile structure the ͑110͒ planes most nearly satisfies charge neutrality, since the octahedrons formed by the V 4+ cation and the six surrounding oxygen anions are arranged so that neighboring octahedrons share four edges in this plane and opposing corners along directions normal to the plane.
14 This condition favors dense packing in this plane, as surface energy is reduced. These ͑110͒ planes for tetrahedral VO 2 are nearly parallel to the ͑011͒ monoclinic VO 2 planes, into which they transform as the sample is cooled to RT after annealing. From the lattice parameters of these two phases, 15 and considering that the unit cell of the M 1 phase corresponds to two unit cells of the R phase along the monoclinic c direction, it is seen that the volume of the unstressed monoclinic VO 2 unit cell is slightly smaller than twice that of the tetrahedral VO 2 unit cell, which would imply that the film should contract on cooling through the transition. However, calculation of the areas for, respectively, the ͑011͒ and ͑110͒ planes bounded by the monoclinic and doubled tetragonal unit cells shows that along these nearly parallel planes the area is actually increased on cooling through the transition by ϳ1.7% for a single crystal. Since the films are polycrystalline, this result cannot be applied directly, but at least for the well-oriented samples it shows that substantial film expansion on cooling through the transition is to be expected, in agreement with the observations. For a completely random orientation of film crystallites this effect should be absent or actually reversed due to the volume contraction.
From the integrated breadth values for the ͑011͒ peaks, after subtracting the instrumental broadening, crystallite sizes were calculated using the Scherrer equation ͑with Scherrer constant K = 1, which disregards crystallite shape effects͒. The Scherrer equation gives an approximate volume-weighted mean coherent crystallite size along the scattering vector, and hence normal to the sample surface in the -2 ͑either Bragg-Brentano or parallel beam͒ diffractometer configuration. The values obtained for samples 1 to 3 were, respectively, 88, 40, and 8 nm. The effect of microstrain could not be taken into consideration and actual crystallite sizes may be smaller. The Scherrer crystallite size for Sample 1 is practically the same as its thickness, and about a third for Sample 2. The crystallites in Sample 3 were much smaller than those in Sample 2, even though the particle sizes measured from the AFM images are similar. It is noted that the AFM images allow lateral measurements of particle dimensions in the top surface of the sample, but the particles themselves may be formed by several or many mutually incoherent crystallites. It was concluded that Samples 1 and 2 are microcrystalline, but Sample 3 is nanocrystalline and probably partially amorphous.
To obtain more information about film composition and stoichiometry XPS analysis was performed on the samples in the binding energy range for the core levels of vanadium 2p ͑split by spin-orbit coupling͒ and oxygen 1s. Figure 4 ͑note the inverted energy scale͒ shows the XPS spectra for the samples, taken after sputter etching for 600 s in order to remove surface contamination and oxidation. The curves for samples 1-3 in the figure are presented shifted vertically for clarity; actual peak intensities are very similar for all four samples. All three of the annealed samples displayed transitions at binding energies close to those marked by gray vertical lines in Fig. 4 : 516 eV ͑V 2p 3/2 ͒, 523.5 eV ͑V 2p 1/2 ͒, and 530 eV ͑O 1s͒, which are within ϳ0.5 eV of the range of values reported for stoichiometric VO 2 . [16] [17] [18] [19] The vanadium peak centroids are shifted down in energy by ϳ1 eV, which indicates a slightly substoichiometric composition. In contrast to the annealed films, the peak centroids obtained from the unannealed sample ͑Sample 4͒ appear toward much lower binding energies, as expected for VO x material with x much lower than 2. To test for vertical gradients in film composition and compositional differences between the films, a series of photoemission spectra were obtained as a function of Ar + sputtering time. The results for Sample 2 are shown in Fig. 5 , where the traces are also shifted vertically for clarity. The results for the other two annealed samples were entirely similar and in fact practically indistinguishable through most of the sputter etching, except after ϳ1 h of sputtering and then only moderately so. Beyond the surface, which appears to be stoichiometric, the oxygen 1s 1/2 peak initially shifted to higher energy by ϳ1 eV and then remained stationary, while the vanadium transitions shifted to lower energies and became broader, indicating the existence of lower oxidation states. It is noted that Ar + bombardment is known to significantly reduce V 2 O 5 surfaces by preferential sputtering, 20 and it is possible that part of the observed shift and broadening in the XPS peaks was caused by the sputtering. There was no further significant change for the V 2p 3/2 peak, either in shape or position through most of the etching, except that for samples 1 and 2 a further shift to lower energies of this peak, possibly with a contribution from the 0 + valence state ͑near 512.3 eV͒, occurs by the time the Si V 2p 3/2 peak ͑near 100 
eV, not shown in the figure͒ abruptly appears, indicating that the substrate has been reached. In Fig. 5 this shift can be noticed in the XPS curve taken after 4200 s of sputter etching. Hence, all annealed samples appear to be substoichiometric and compositionally similar to each other. There is no evidence of compositional gradients except near the substrate for the samples annealed for longer times, suggesting in these cases a higher concentration of oxygen vacancies near the interface. Sample oxidation is expected to be more effective during the early stages of the oxidative anneal, because films are then still heavily defected and can thus allow deeper oxygen diffusion through intergrain spaces. As annealing proceeds and these defects are healed, oxidation can become less effective at greater depths and inside larger grains. In the present case, since the films are thick enough, it is likely that this effect has occurred for the larger-grained samples.
B. Cantilever resonance experiments
The results of the measurements of resonant frequencies as a function of temperature for the cantilever samples are presented in Fig. 6 for full heating-cooling cycles. Since the exact value of the resonant frequency for a microcantilever depends sensitively on its geometry, all samples were grown on cantilevers for which the resonant frequency as a function of temperature in the range from RT, 25 to 100°C were previously measured for the bare cantilevers. While all cantilevers were nominally identical, measured resonant frequencies for these differed by up to 5 kHz, revealing that actual differences among them are not negligible. In all cases, the frequency evidenced a slight drop with increasing temperature of approximately Ϫ3.5 Hz/K, which is mainly attributed to the temperature dependence of the elastic modulus of silicon, since dimensional changes due to thermal expansion are negligible in the short temperature range probed. In order to eliminate these effects from consideration, the results in Fig. 6 for the coated cantilevers present the measured frequency shifts, for each of the cantilevers, with respect to the values for the same cantilever before coating, and normalized to the bare cantilever values, in each case at the same temperatures. That is, the results are given as 100 ϫ ͓f c ͑T͒ −f u ͑T͔͒ / f u ͑T͒, where f c ͑T͒ and f u ͑T͒ are the resonant frequencies of the coated and uncoated cantilever, respectively, at temperature T. The characteristic hysteretic behavior of VO 2 through the IMT for the three annealed samples is evident. These results are consistent for repeated heatingcooling cycles and no significant changes in the curves were observed after many cycles. For Sample 4, which was not annealed, no transition nor hysteretic behavior was observed, consistent with the expectation that for this VO x sample, x is significantly lower than 2. There is a small positive frequency shift for this reference sample throughout the range: in other words, its resonant frequency is higher than that of the bare cantilever, showing only that effective stiffness of the composite cantilever-which depends on both, elastic modulus and thickness of the coating-is larger than that of the bare cantilever. This positive shift diminishes slightly as the temperature is increased, an effect due to the reduction in the elastic modulus of the film material as the temperature is increased, as was observed before for the bare silicon cantilever.
For Sample 1, which was annealed for the longest time and had the largest crystallite sizes, the normalized frequency shift at RT is only slightly higher than for the reference sample but it increases substantially as the IMT region is entered and flattens out to ϳ5.4% after 85°C. This resonant frequency change is remarkably high for a relatively small temperature change: for this sample the frequency of the coated cantilever changes by ϳ3.6 kHz through ⌬T = 30°C. Frequency changes for the other samples are given in Table I . The observed transition temperature on heating ͑T IMT ͒ was approximately 5 degrees lower for Sample 1 than expected for VO 2 crystals. In contrast, as previously reported, for samples grown at 550°C T IMT was observed to have the bulk value. 21 It has been reported that for VO 2−␦ with ␦ even smaller than 0.01 the transition temperature can be reduced by more than 10 degrees, while samples which are superstoichiometric to the same degree do not show appreciable change in T IMT with respect to stoichiometric VO 2 . 22 Hence, the results for the measured T IMT imply that all the samples are substoichiometric, which is supported by the XPS results.
The width of the hysteresis curves for the three samples, measured at the transition temperature for heating, is practically the same ͑about 10°͒, although due to their different inclinations the ones with less annealing time seem progressively narrower. The hysteresis curve for Sample 1 is clearly asymmetric, the lower portion being wider. The curve for Sample 2 appears symmetric in Fig. 6 , but closer examination reveals that it is slightly asymmetric in the same manner as Sample 1. This asymmetry may be due to the smaller grains in the film having a higher concentration of oxygen vacancies, as modeled by Klimov et al. 23 The difference in composition may originate because the saturated oxygen pressure for small diameter particles of VO 2 will be higher the smaller the radii, 24 as implied by the Young-Laplace law. In the present case, as discussed above in relation to the XPS results, the postdeposition oxidative anneal process possibly induced a relatively higher density of oxygen vacancies FIG. 6 . ͑Color online͒ Normalized resonant frequency shift of VO x / Si microcantilevers as a function of temperature. The shift and normalization is with respect to the bare cantilever resonant frequency. Samples 1, 2, and 3 were annealed in situ for 35, 25, and 18 min, respectively, in an oxygen atmosphere, and have compositions near VO 2 but decreasing particle size. Sample 4 was not annealed and is highly oxygen-deficient.
nearer the substrate for the samples annealed for longer times. The nanostructured sample, while further from stoichiometry than the others, has a more nearly uniform composition throughout its thickness, as borne out by its XPS profile, and hence shows a symmetric hysteresis curve.
Other than the asymmetry for Samples 1 and 2, the correlation between grain size and the shape and position of the resonant frequency hysteresis curves of the annealed films is similar to the findings by Suh et al. 11 for infrared ͑IR͒ reflectance in VO 2 films grown by the same method. Besides substoichiometry, the shift to lower temperatures of the IMT can be caused by microstress and, for the smaller crystals, particle size effects. A discussion of the first two effects and models explaining how they affect the hysteresis curves in VO 2 thin films has been provided by Aliev and Klimov. 25 Lopez et al. 8 discuss the case in which a true size effect is present but their samples were produced by a very different process, involving implantation in glass of vanadium and oxygen ions in stoichiometric doses and subsequent precipitation of VO 2 nanocrystals by annealing at high temperature.
From measured frequencies for coated and uncoated microcantilevers it is possible to calculate Young's modulus ͑E͒ for the films along the cantilever long axis if the modulus and geometry of the substrate material are known. As described elsewhere, 26 this can be done using relations for the resonant frequencies of composite beams derived from classical beam theory using the transformed cross section method. 27 However, it is important to note that these relations do not take into consideration the possible effects of stresses in the film-substrate system. When the resulting cantilever curvature is small these can probably be ignored, as is often implicitly done. While the same method has been applied in the past to cantilevers which were noticeably bent, 28 it will be argued below that this leads to overestimation of the modulus of the coating.
The effect of strong internal stresses on the resonant frequencies of cantilevers is a difficult problem which has received attention for more than three decades. For a simple cantilever, the effect on its resonant frequencies of an axial tension, applied either at its end ͑by a cable tied to it, for instance͒ or uniformly distributed along the cantilever body ͑by inertial forces, as when the cantilever is actually a rotating vane͒, can be treated directly with classical beam theory. 29 As can be intuitively appreciated by considering the analogous case of a taut string, an applied tension will increase the resonant frequencies of this "pulled" cantilever. However, this solution is not applicable in the present case because no external force is pulling on the cantilever and any internal force must be balanced due to the equilibrium conditions. The effect of surface stresses on cantilever frequencies was considered by Lagowski et al., 30 who attributed observed reductions in the resonant frequencies of monocrystalline GaAs cantilevers to the negative ͑i.e., compressive͒ stresses on both sides of the cantilever caused by surface damage during wafer polishing and etching. Shortly thereafter Gurtin et al. 31 clarified that mechanical equilibrium requirements and energy considerations lead to the prediction that these residual surface stresses have no effect on cantilever resonant frequencies and proposed instead that surface elasticity effects could cause positive or negative resonant frequency shifts. Many authors have since considered this issue, which is still an open research topic, made more relevant recently due to the increasing importance of microelectromechanical systems ͑MEMS͒. 32, 33 However, many of these treatments are limited to cases in which the surface layers are negligibly thin in comparison with the cantilever or for which the resulting curvature is small. For example, in classical plate theory, in which bending and extension are considered in two dimensions only, the assumption is usually made ͑called the Kirchhoff hypothesis͒ that under bending stresses, planes initially perpendicular to the neutral plane only rotate, without undergoing any extension, and remain perpendicular to the neutral plane. This assumption cannot be justified if plate deflections are large compared to the plate thickness, as will be shown to be the present case, and implies that three-dimensional elasticity theory must be brought to bear on the problem. Nevertheless, it is of interest to consider the following approximate result for the resonant frequency of a simple cantilever with curvature 1 / R. Neglecting the possibility of biaxial bending, the cantilever angular frequency 2 can be written as
where 1 is the uncorrected frequency for an otherwise similar but straight cantilever, and and are, respectively, the mass density and Poisson's ratio of the material. The factor E / ͑1− 2 ͒ is the "plate modulus." The curvature thus increases the effective rigidity of the cantilever, which causes the resonant frequency to increase. If the effect of transversal bending is included as well, and assuming the curvature is the same as for the longitudinal case ͑i.e., producing a spherical cap shape͒, the correction term is even higher and the new frequency is
The factor E / ͑1−͒ is the "biaxial modulus." Unfortunately, these equations, and the extensions which may be obtained from these for bilayered cantilevers, are valid only for small curvatures.
In the present case the problem is complicated by the facts that the film has a non-negligible thickness ͑at 10% of the substrate thickness͒ and that as the temperature is changed through the IMT macrostresses are generated which change the cantilever curvature reversibly and quite substantially. While no attempt was made here to measure their curvatures, the coated cantilever samples were observed with a microscope as the temperature was raised through the IMT and it was clear that the observed deflections were much larger than the cantilever thickness. Sample 1 ͑with largest crystallite sizes͒ did not show appreciable bending at RT but bent the most when heated past the IMT. Sample 3 ͑with smallest crystallite size͒ was substantially bent at RT and became slightly more so when heated. Sample 2 ͑with intermediate crystallite sizes͒ showed an intermediate behavior closer to that of Sample 1. In all three cases, the cantilever was observed to bend upwards on heating; that is, concave toward the film side, showing that the films become under increasing tensile stress when heated. Sample 4 ͑VO x , not annealed͒, in contrast, was not noticeably bent at RT nor was any bending noticeable by this direct observation with the microscope during a heating-cooling cycle. Hence, it appears that during the fabrication process stress in the films develops mainly during annealing, when postdeposition oxidation is continued and grain growth is promoted by the high temperature in the initially highly disordered material. A rapid increase in tensile stress as crystalline grains begin to form, followed by reduction in this stress ͑or even onset of compressive stress͒ after grains coalesce and then grow larger is not surprising, considering the evolution of stress during polycrystalline film growth known for many materials. 35 Nevertheless, as the VO 2 samples are cooled after annealing, the structural change through the IMT produces a considerable reduction of the interfacial stress. This stress change through the IMT may be considered extrinsic, since it is reversible, as opposed to the stress generated during annealing.
Since only Sample 1, among the three annealed samples, showed no visually observable bending at RT, it was considered adequate to use the related frequency data to calculate the Young's modulus for the film in the manner mentioned above. For this purpose, the film density was assumed to be equal to that for bulk M 1 -phase VO 2 ͑4670 kg/ m 3 ͒. The material constants used for silicon were its bulk density ͑2330 kg/ m 3 ͒ and the Young's modulus ͑E Si ͒ for the ͓110͔ direction, since the rectangular SCS cantilevers have edges along these directions, according to the manufacturer. The values for E Si as a function of temperature were obtained from the empirical formula given by Ono et al. 36 Because the substrate thickness tolerance given by the cantilever manufacturer is very high ͑Ϯ30%͒, its thickness was determined by measuring the resonant frequency of the bare cantilever as a function of temperature over the same range as for the coated cantilever. The average value obtained was 1.099Ϯ 0.0025 m. The error in effective cantilever length ͑all where nominally 130 m long͒ is eliminated because the length cancels out when the frequencies ͑uncoated and coated͒ are measured for the same cantilever and divided by each other in the numerical procedure. The resonant frequencies are measured to very high accuracy and introduce negligible error. With this procedure, the main sources of error in the calculation of the film modulus are the film thickness and density. The estimated error in the film thickness value is Ϯ5 nm, as given above. The result for the film modulus for this sample, assuming bulk density for the film, was E film = 120Ϯ 2 GPa. Since the actual film density should be lower than the assumed bulk value, the film modulus should be also lower. Hence, the value obtained is an upper limit. An attempt to evaluate in the same way the film modulus when the material is clearly in its metallic phase yields a value almost 60 GPa higher than for RT, but this result is unrealistic due to the high curvature sustained by the cantilever, as explained before. In addition, it is known that VO 2 crystals exhibit lower hardness values, 37 as well as ͑except for the ͓001͔ direction͒ lower sound velocities in the metallic phase than in the insulating phase. 38 Hence, the elastic modulus should be lower in the metallic phase, which implies that the effective increase in rigidity caused by the curvature dominates the response. For the same reason, the procedure used to estimate the Young's modulus for Sample 1 in the lowtemperature phase is inadequate for the other two annealed samples. For Sample 4 ͑VO x ͒, the calculated value throughout the measured temperature range for the film material, assuming that its density is similar to that for VO 2 , is approximately 93 GPa.
Several additional caveats must be mentioned in relation to the value obtained for E film at RT. First, since the VO 2 film exhibited preferred orientation, with the ͑011͒ plane parallel to the surface, but there is no in-plane texture, this result should be considered an effective average for the monoclinic ͑011͒ plane. Because the microcrystallites are not randomly oriented it is not possible to fully describe the elastic properties of the film material with just two parameters ͑such as E and ͒, as would be the case for an isotropic material. In addition, it is noted that the length/width ratio of the cantilevers used is 3.7, which is not large enough to ensure that treatment of the cantilever as a beam is entirely adequate, but not low enough either to ensure that treatment as an ideal plate is warranted ͑which would require substitution of E by the plate modulus E / ͑1− 2 ͒ in the formulas used͒. Likewise, because the width/thickness ratio of the cantilevers is 35, the possibility that anticlastic curvature effects set in cannot be disregarded. 39 In any case, since the value of Poisson's ratio for VO 2 is not available in the literature, it was decided to neglect these effects. The result obtained for E film , while adequate to describe the film material, should be considered only an approximate value for nearly stoichiometric VO 2 .
The fact that the coated cantilevers become strongly bent after short annealing times, but straighten up after longer anneals is a clear indication of the evolution of stresses in the films. It is well known that the IMT temperature of VO 2 crystals increases markedly and linearly with hydrostatic pressure, i.e., under compression. 40 Moreover, for VO 2 thin films, applied tensile stress has been shown to cause a lowering of the IMT and a reduction of the resistivity difference between the low-temperature and high-temperature phases. 41 Hence, although stress is partially relieved in the cantilevers due to bending, the strained state of the VO 2 films in the samples should contribute to the observed lowering of the IMT temperature and reduction of the change in frequency shift from the M-phase to the R-phase temperature regions. The VO 2 samples prepared with less annealing time are under greater tensile stress and show this effect more strongly. Although substoichiometry of the film material causes lowering of the IMT temperature, it can be concluded that macrostress in the films is partially responsible as well.
IV. CONCLUSIONS
Vanadium dioxide films ϳ100 nm thick were grown on SCS microcantilevers and paired test substrates by PLD at ambient temperature, followed by in situ annealing at 450°C in an oxidizing atmosphere. Different samples were annealed for different periods of time, which caused the films to crystallize with different microstructural morphologies. From XRD, XPS, and AFM studies of the test samples it was found that the annealed films were substoichiometric but had very similar compositions, while their microstructure and morphology varied widely. Forced vibration experiments with the cantilevers revealed large changes in the resonant frequencies and hysteretic behavior as the temperature was cycled through the coating's IMT. These characteristics were found to be highly dependent on the film grain size, with larger-grained samples showing a more pronounced change in properties between phases and transition temperatures closer to the bulk value. From the measured cantilever resonant frequencies, the value of the average elastic modulus for monoclinic VO 2 along ͑011͒ planes was estimated to be ϳ120 GPa. At temperatures above the IMT all VO 2 -coated cantilevers were strongly bent due to the film-substrate stress generated through the transition and it was not possible to calculate in the same manner the value of the elastic modulus for the tetragonal phase, because the relations commonly used to describe the resonant frequency of composite cantilevers are not applicable to those exhibiting strong curvatures. The observed reversible change in cantilever curvature as the IMT is traversed was attributed to the change in area for the ͑011͒ and ͑110͒ crystal planes bounded by, respectively, the monoclinic and doubled tetragonal unit cells of VO 2 , which are nearly parallel to each other and parallel in turn to the substrate surface in the samples with better developed and oriented crystallization. The shorter annealing times used to produce the smaller-grained films resulted in samples which were more strongly stressed at RT, even though their compositions were very similar to those with longer anneals. It is proposed that, in addition to the effect of substoichiometry itself, residual stress after fabrication contributes to the observed differences in behavior through the IMT of the mechanical properties of VO 2 films, and that this contribution is greater the more finely structured the film. For films with very small crystallites grown on massive substrates-as opposed to thin cantilevers-it is then expected that the effects on film properties can be even greater, since there is little release of stress through substrate bending.
The results presented indicate that VO 2 thin films used as coatings on cantilevers and similar structures can be very useful for designs of novel microscale and nanoscale electromechanical tunable resonators, in which the tuning can be controlled thermally or optically. The large frequency change ͑several kilohertz͒ measured through the IMT for the cantilevers employed suggests that, because it is possible to measure vibration frequency very accurately with current instrumentation, frequency changes through the IMT will still be easily detectable in cantilevers orders of magnitude smaller.
Because the crystal quality of VO 2 films can be substantially improved when grown on heated substrates or on more suitable substrates, such as sapphire, it is expected that cantilevers of such materials coated with VO 2 will prove to have even higher changes in resonant frequency through the IMT and in a narrower temperature range. On the other hand, broader hysteresis curves achievable with other growth conditions and substrates can be of interest for bistable device operation such as in nonvolatile memories which could be interrogated simply by exciting mechanical vibrations. Since other properties of VO 2 , such as its resistivity and near-IR transmittance, change substantially through its IMT, it constitutes an interesting multifunctional material for future MEMS and micro-opto-electromechanical systems ͑MOEMS͒ devices. Work in progress by the authors seeks to continue studying the elastic properties of VO 2 through the IMT on specially fabricated cantilevers with different configurations.
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